Edwardsiella tarda is pathogen of fish and other animals. The aim of this study was to investigate the viable but nonculturable (VBNC) state and virulence retention of this bacterium. Edwardsiella tarda CW7 was cultured in sterilized aged seawater at 4°C. Total cell counts remained constant throughout the 28-day period by acridine orange direct counting, while plate counts declined to undetectable levels (<0.1 CFU/ml) within 28 days by plate counting. The direct viable counts, on the other hand, declined to ca. 10 9 CFU/ml active cells and remained fairly constant at this level by direct viable counting. These results indicated that a large population of cells existed in a viable but nonculturable state. VBNC E. tarda CW7 could resuscitate in experimental chick embryos and in the presence of nutrition with a temperature upshift. The resuscitative times were 6 days and 8 days, respectively. The morphological changes of VBNC, normal, and resuscitative E. tarda CW7 cells were studied with a scanning electron microscope. The results showed that when the cells entered into the VBNC state, they gradually changed in shape from short rods to coccoid and decreased in size, but the resuscitative cells did not show any obvious differences from the normal cells. The VBNC and the resuscitative E. tarda CW7 cells were intraperitoneally inoculated into turbot separately, and the fish inoculated with the resuscitative cells died within 7 days, which suggested that VBNC E. tarda CW7 might retain pathogenicity.
Edwardsiella tarda, an enteric gram-negative bacterium of the Enterobacteriaceae, is the causative agent of the systemic disease edwardsiellosis in freshwater and marine fish worldwide. The bacterium causes septicemia with extensive skin lesions and affects internal organs, such as the liver, kidney, spleen, and muscle (33, 52) . It has been isolated from a variety of animals, including fish, birds, mammals, and reptiles (12, 27, 31, 46, 47) , and environmental water (32, 50) . Several potential virulence properties have been suggested to contribute to the pathogenesis of E. tarda, namely, the production of dermatotoxin (45) and hemolysin (14) and the ability to resist phagocyte-mediated destruction and to invade epithelial cells (19, 22, 43) . However, little is known about the pathogenic mechanism of E. tarda, and the causes of disease occurrence are still elusive.
Many bacteria have developed strategies for metamorphosis into more or less sophisticated survival forms in response to harsh environmental conditions, such as a temperature change, high salinity, or nutrient deprivation (4, 5) . The formation of viable but nonculturable (VBNC) cells of bacteria has been proposed as a strategy to survive adverse conditions (10) . The first clear evidence of the existence of the VBNC state in pathogens was provided by Xu et al. (51) , who showed that enterotoxic Escherichia coli and Vibrio cholerae cells suspended in artificial seawater remained viable but quickly lost their ability to colonize culture media. The reality of the VBNC state has since been demonstrated with other human and fish bacterial pathogens, including Vibrio vulnificus (28) , Salmonella enterica serovar Enteritidis (39), enterotoxigenic Escherichia coli (11, 25) , Helicobacter pylori, Campylobacter jejuni (2, 38) , Legionella pneumophila (17) , Shigella dysenteriae (18) , Aeromonas hydrophila (36) , Vibrio parahaemolyticus (49) , and Enterococcus spp. (9) .
It has been demonstrated that VBNC cells are active in metabolism (16, 20, 53) and are able to recover from their dormant state, becoming metabolically active and fully culturable (26, 40, 48) . Some pathogens in the VBNC state may retain their pathogenicity (8, 34, 35, 37, 44) . Although edwardsiellosis occurs over a long period of time during a year, E. tarda focuses on high-temperature months and is seldom isolated when the temperature of the water is low. The suggestion that E. tarda can survive for a long period and may become nonculturable in an aquatic environment has been made (41) .
The aim of present study was to investigate the VBNC state of E. tarda CW7 experimentally induced under starvation conditions at a low temperature and to verify the retention of the virulence of VBNC cells.
MATERIALS AND METHODS
Bacterial strain and growth conditions. E. tarda CW7 was isolated from diseased turbot (Scophthalmus maximus) in China and used in this study. The strain was stored in cultured broth with 10% (vol/vol) glycerol at Ϫ85°C and cultured in Luria-Bertani (LB) agar at 26°C.
Preparation of the microcosm. The microcosm was prepared by filtering aged seawater (ASW) through a 0.22-m Millipore filter and sterilized by autoclaving.
Exponentially growing bacterial cell cultures were washed with autoclaved saline, which was filtered through a 0.22-m-pore-size membrane filter (Millipore). The washed cells were then resuspended in an oligotrophic microcosm at a final density of 10 11 CFU/ml as described previously (23) . The inoculated microcosm was maintained at 4°C, and the counts of culturable cells were determined on LB agar at intervals by the plate count method. The experiments were conducted in triplicate.
Culturability and viability assays. To determine the number of culturable cells, dilutions of microcosm samples were plated on LB agar and incubated at 26°C for 48 h. When there was less than one platable cell in 10 ml of sample (determined by filtering 10-ml samples and placing the filter on LB agar), the bacteria in the microcosm were determined to be nonculturable. All culturability studies were performed three times.
To determine the total number of cells, dilutions of microcosm samples were withdrawn at timed intervals and processed according to the acridine orange direct counting (AODC) method described by Hobbie et al. (15) . Samples fixed with formalin (final concentration, 2%) were stained with acridine orange (final concentration, 0.01%) for 2 min and filtered onto 0.22-m-pore-size black polycarbonate filters (Millipore). The filters were examined under an Olympus epifluorescence microscope (BH2-RFL filter set, BP490 excitation filter, EY455 supplementary exciter filter, O515 barrier filter). The total number of bacteria was estimated by counting a minimum of 10 fields.
To determine the number of viable cells, dilutions of microcosm samples were withdrawn at timed intervals and performed according to the direct viable counting (DVC) method described by Kogure et al. (20) , with incubation of the samples in yeast extract (final concentration, 0.025%) and nalidixic acid (final concentration, 0.002%) at 26°C for 16 h before acridine orange staining. Cells which were elongated to at least twice the length of AODC control cells were scored as viable. The number of viable bacteria was estimated by counting a minimum of 10 fields.
Resuscitation of the VBNC cells. For resuscitation of the VBNC cells in animal experiments, 30 chick embryos were used and divided into three groups, each comprised of 10 chick embryos. Each chicken embryo in the first group was inoculated with 100 l of VBNC cells (Ͻ0.1 CFU/ml). The second and the third groups were inoculated with the normal bacteria and autoclaved saline as positive and negative controls, respectively. Culturability of these samples was determined by extracting the content of chick embryos and plating it on LB agar every day. The test was considered positive when the organisms were isolated on the culture media.
For resuscitation of the VBNC cells with the temperature upshifted, 10 ml of the VBNC cells was removed from the microcosm and allowed to incubate at 26°C. The culturability of these samples was determined by plating the cells on LB agar each day. The test was considered positive when the organisms were isolated on the culture media.
To determine the effect of nutrition addition on the resuscitation of VBNC cells, 10 ml of the VBNC cells was removed from the microcosm, yeast extract was added to the samples (final concentration, 0.025%), and the samples were then incubated at 26°C. Culturability was subsequently determined as described above each day. All of the experiments were performed in triplicate.
Scanning electron microscopy. The normal cells, VBNC cells, and resuscitative cells were harvested by centrifugation and were fixed with 3% (vol/vol) glutaraldehyde at room temperature for 4 h. The samples were washed with phosphate-buffered saline, filtered onto 0.22-m-pore-size Nucleopore polycarbonate filters, dehydrated in a graded ethanol series (30%, 50%, 70%, 80%, and 100%), which was replaced by isoamyl acetate, critical point dried in CO 2 in an XD-1 apparatus (Eiko), and coated with palladium-gold (AuPd) in an IB-3 vacuum evaporator coating apparatus (Eiko). The coated samples were then examined in a model JSM-840 scanning electron microscope (JEOL, Japan).
Virulence of the VBNC and the resuscitative cells. Turbot were used to investigate the retention of virulence in the VBNC and the resuscitative cells. Twenty turbot weighting 10 to 15 g were divided into four groups. Each group, comprised of five fish, was kept in 200-liter tanks with aerated seawater at 16 to 20°C and fed with commercial pellets. The four groups were intraperitoneally inoculated with 100 l of the VBNC cells, the resuscitative cells (10 8 CFU/ml), the normal cells (10 8 CFU/ml), or autoclaved saline. The injected fish were then kept at 16 to 20°C for 30 days, and mortality was recorded. The cause of death was confirmed by reisolating the bacteria from the ascites fluid, kidneys, and spleens of the dead fish using LB agar.
RESULTS
Studies of entry into the VBNC state of E. tarda CW7. Figure  1 shows the response of E. tarda CW7 following its incubation in ASW at 4°C. E. tarda CW7 entered the VBNC state within about 28 days of incubation in the ASW microcosm at 4°C, as evaluated by plate counting of spreading cells on LB agar. Throughout this period, all total direct counts in the studies remained near the original inoculum level of ca. 10 11 CFU/ml. The active cells, on the other hand, declined to ca. 10 9 CFU/ml and remained fairly constant at this level, as demonstrated by DVC staining. These results indicated that a large population of cells existed in the VBNC state.
Morphological changes of the VBNC E. tarda CW7. The VBNC cells of E. tarda CW7 exhibited several morphological changes under an epifluorescence microscope by the AODC method. Compared to normal cells ( Fig. 2A) , the VBNC cells gradually changed from short rods to coccoid cells and decreased in size (Fig. 2B) . The red elongated cells were defined as viable by the DVC method (Fig. 2C) . When observed with a scanning electron microscope, the VBNC E. tarda CW7 cells changed from short rods to coccoid cells and the cell size decreased (Fig. 3B) . The average size of the normal cells (Fig.  3A ) was 1.9 ϫ 1.1 m, but the average radius of the coccoid VBNC cells was 0.5 m. The normal cells and the resuscitative cells (Fig. 3C) showed no morphological differences.
Resuscitation of the VBNC cells. Chick embryos were used to resuscitate the VBNC cells of E. tarda CW7. The experimental chick embryos injected with the VBNC cells remained alive, and autopsy did not show any obvious damage, but the microorganisms were reisolated from the injected chick embryos on the sixth day. These cells were the resuscitated cells, which were used in the next experiment. The chick embryos inoculated with the normal cells died within 3 days, and the organisms were reisolated from all of the dead embryos. Confirmation of the identities of these isolates as E. tarda CW7 was made by PCR amplification of whole-cell lysates of the colonies that developed. No microorganism was isolated from the chick embryos that had been injected with the autoclaved saline.
When the VBNC cells were incubated in the presence of yeast extract at 26°C, culturable populations were observed on the medium on the eighth day, but when the cells were subjected to a temperature upshift (to ca. 26°C) in the absence of nutrition for 1 month, no culturable population was observed on the medium.
Virulence of the VBNC and the resuscitative cells. Twenty turbot were divided into four groups for a virulence study. The group inoculated with normal E. tarda CW7 all died on the fifth day, and the group inoculated with the resuscitative E. tarda CW7 also died on the seventh day. All of the dead fish showed similar symptoms, such as serious ascites, hemorrhage of the liver, and enlarged kidneys. Culturable cells of E. tarda CW7 could be isolated from the ascites fluid and the organs and were identified by PCR amplification. The fish which were inoculated with the VBNC cells and autoclaved saline remained alive during the experimental time, and E. tarda CW7 was not isolated from these animals ( Table 1) .
DISCUSSION
Several bacteria have been reported to enter the VBNC state. The times required to enter the VBNC state vary greatly for different bacteria. Escherichia coli K-12 strain W3110 could enter the VBNC state in nonsterile river water in less than 10 days (3). Escherichia coli O157:H Ϫ strain E 32511/HSC became nonculturable in sterilized distilled water microcosms at 4°C in about 21 days (24). Roszak et al. reported that Salmonella serovar Enteritidis 13-1BB entered the nonculturable state within 48 h when it was incubated in Potomac River water (39) . The clinical isolate Vibrio cholerae ATCC 14035 was found to enter the VBNC state in 6 to 9 days in Chesapeake Bay water at 4 to 6°C (51) . Vibrio vulnificus CVD713 and C7184 could enter the VBNC state in artificial seawater at 5°C within 7 days (30), while Linder and Oliver reported that Vibrio vulnificus entered the VBNC state after incubation for 24 days (21) . Aeromonas hydrophila, a fish pathogen, was reported to enter the VBNC state when incubated in 0.35% NaCl for 50 days at 25°C (36). Wong et al. reported that 24 strains of Vibrio parahaemolyticus isolated from clinical and environmental samples entered the VBNC state within 14 to 49 days when they were incubated in artificial seawater at 4.5°C, and there was no difference in incubation time between the clinical and environmental isolates (49) . In the present study, it was shown that E. tarda CW7 became nonculturable when it was inoculated at 4°C into ASW for 28 days (Ͻ0.1 CFU/ml). Throughout this period, all total direct counts remained near the original level of ca. 10 11 CFU/ml. The number of active cells, on the Morphological changes of the VBNC E. tarda CW7 cells were studied by the methods of epifluorescence microscopy and scanning electron microscopy. During entry into the VBNC state, E. tarda CW7 cells decreased in size and became coccoid, which was in agreement with the results reported by other authors (6) . Another important characteristic of VBNC cells is their ability to be resuscitated in vitro (26) and in a natural estuarine environment (29) as a consequence of environmental changes, e.g., an increase in temperature. E. tarda CW7 in the VBNC state could resuscitate in the presence of nutrition with temperature upshift. Some investigators believe that elevated nutrition might be toxic in some manner to cells in the VBNC state (48) , but our experiments suggested that nutrition is very important to the resuscitation of E. tarda CW7; resuscitation could be achieved only with temperature upshift in the presence of nutrition. Studies of the virulence of bacteria in the VBNC state have been reported by many authors. VBNC Escherichia coli and Vibrio cholerae cells were recovered from rabbit ileal loops in which enterotoxigenicity was exhibited (7, 13) . Pommepuy et al. also reported that Escherichia coli H10407 cells in the VBNC state produce enterotoxin when they are incubated in rabbit intestinal loops, as indicated by ganglioside enzyme-linked immunosorbent assay, and are thus of potential public health concern (34). Chlorine-stressed Yersinia enterocolitica displayed virulence characteristics similar to those of control cultures (42) . VBNC Legionella pneumophila cells caused chick embryos to die when they were injected into the embryos (17) . Resuscitation of E. tarda CW7 cells also occurred in chick embryos when they were injected into the embryos, but the injected embryos remained alive and did not show any obvious damage, which could be explained as a temporary inability to express the virulence characteristics of VBNC E. tarda CW7. The resuscitative E. tarda CW7 cells showed pathogenicity when they were intraperitoneally inoculated into turbot. The fish inoculated with the resuscitative cells all died within 7 days, showing similar symptoms, such as ascites, hemorrhagic livers, and enlarged kidneys. E. tarda CW7 was reisolated from these organs, which indicated that resuscitative E. tarda CW7 retained its pathogenic potential. These results were in agreement with those obtained by Baffone et al., who reported that the virulence characteristics of Vibrio parahaemolyticus and Vibrio alginolyticus strains, which seemed to disappear after resuscitation in the mouse, were subsequently reactivated by means of two consecutive passages of the strains in the rat ileal loop model (1).
In conclusion, Edwardsiella tarda CW7, like other pathogenic bacteria, could enter the VBNC state in adverse environments. VBNC E. tarda CW7 was able to resuscitate in the experimental chick embryos and in the presence of nutrition with a temperature upshift. VBNC cells might keep their pathogenic potential when they are resuscitated from the VBNC state, and Edwardsiella tarda CW7 cells retained their pathogenicity and caused disease.
